Abstract The Weibull distribution between volume and square root of isopach area has been recently introduced for determining volume of tephra deposits, which is crucial to the assessment of the magnitude and hazards of explosive volcanoes. We show how the decay of the size of the largest lithics with the square root of isopleth area can also be well described using a Weibull function and how plume height correlates strongly with corresponding Weibull parameters. Variations of median grain size (Mdϕ) values with square root of area of the associated contours can be, similarly, well fitted with a Weibull function. Weibull parameters, derived for both the thinning of tephra deposits and the decrease of grain size (both maximum lithic diameter and Mdϕ), with a proxy for the distance from vent (e.g., square root of isoline areas) can be combined to classify the style of explosive volcanic eruptions. Accounting for the uncertainty in the derivation of eruptive parameters (e.g., plume height and volume of tephra deposits) is crucial to any classification of eruptive style and hazard assessment. Considering a typical uncertainty of 20 % for the determination of plume height, a new eruption classification scheme based on selected Weibull parameters is proposed. Ultraplinian, Plinian, Subplinian, and small-moderate explosive eruptions are defined on the ground of plume height and mass eruption rate. Overall, the Weibull fitting represents a versatile and reliable strategy for the estimation of both the volume of tephra deposits and the height of volcanic plumes and for the classification of eruptive style. Nonetheless, due to the typically large uncertainties (mainly due to availability of data, compilation of isopach and isopleth maps, and discrepancies from empirical best fits), plume height, volume, and magnitude of explosive eruptions cannot be considered as absolute values, regardless of the technique used. It is important that various empirical and analytical methods are applied in order to assess such an uncertainty.
Introduction
Progress in physical volcanology relies on the identification and analysis of common features of eruptions having similar characteristics (Walker 1973) . Furthermore, the possibility of comparing the scale or magnitude of eruptions at a same volcano, or at different volcanic systems, is necessary to characterize historic volcanism and for the compilation of hazard assessment and potential activity scenarios for future events (Newhall and Self 1982) . Walker (1980) introduced five parameters ("bigness") for the estimation of the scale of explosive eruptions: (1) magnitude (volume of erupted material typically converted to dense rock equivalent (DRE)); (2) intensity (volume of ejecta per unit time); (3) dispersive power (related to the total area of dispersal and, therefore, to plume height); (4) violence (related to kinetic energy); (5) destructive potential (related to the extent of devastation). The characterization and classification of explosive eruptions is based on parameters mostly derived from studies of tephra deposits, namely plume height, bulk erupted volume (deposit volume), DRE (volume of dense, unvesiculated magma), magnitude, mass eruption rate, destructiveness index, magnitude and intensity scale, dispersal index (D), fragmentation index (F), thickness half distance (b t ), clast half distance (b c ), which are somehow related to the five parameters highlighted by Walker (1980) (e.g., Walker 1973; Newhall and Self 1982; Pyle 1989 Pyle , 2000 Mason et al. 2004; Cioni et al. 2008) .
A classification based on tephra deposits is made possible by the fact that tephra generation and sedimentation is strongly related to eruptive dynamics (e.g., volume of erupted magma, magma fragmentation, and plume height) and, therefore, first-order tephra deposit features (e.g., thickness and grain size) are likely to follow well-defined variation trends with distance from vent (e.g., Pyle 1989) . However, these variation trends are typically captured by empirical models (e.g., exponential and power law fit for the description of thickness data) that strongly depend on data availability as well as on the strategies used to produce these data (e.g., averaging techniques for the determination of maximum clast size and median diameter). Eruption classification and characterization are then naturally associated with large uncertainties related both to deposit exposure and to the models used to describe tephra deposits (Bonadonna and Costa 2013) . As an example, Biass and Bonadonna (2011) have shown how the same eruptions could be classified as either Plinian or Subplinian, depending on the technique used to characterize the largest clasts. Likewise Longchamp et al. (2011) have shown that different values for Volcanic Explosivity Index (VEI) could be assigned to two Nisyros eruptions, depending on the model used to determine the erupted volume. Nonetheless, existing classification schemes are strongly deterministic, often generating interesting debates on the boundaries between eruptive styles and on the way eruptions should be best classified (e.g., Walker 1973 Walker , 1980 Pyle 1989; Sparks et al. 1992) . Considering that uncertainty is intrinsic to the description of any natural system, explosive eruptions would be better characterized if uncertainties were accurately described and accounted.
We propose new classification schemes that account for the uncertainties associated with the determination of both eruptive parameters and tephra-fall deposit features and that are based on a general distribution that best describes variation trends of both thickness and grain size with distance from vent, namely the Weibull distribution. Such a distribution was already proposed by Bonadonna and Costa (2012) as an alternative way to fit thickness data and determine erupted volume, reconciling the debate on the use of exponential versus power law correlations.
Thickness variations of tephra fall deposits
Several empirical strategies have been proposed to describe the thinning of tephra deposits, including two segments on a log-log plot, the trapezoidal rule, and the more recent methods based on the exponential and power law thinning on a semilog plot (see Fierstein and Nathenson (1992) , , and Gonzalez-Mellado and De la Cruz-Reyna (2010) for a review). The empirical fit of one or a few straight exponential segments on a semi-log plot Nathenson 1992, 1993; Pyle 1989 Pyle , 1995 better fits natural deposits and is based on some geological observations that, as a trend, both thickness and grain size decay exponentially with distance from the vent (e.g., Thorarinsson 1954; Walker 1980) . Nonetheless, the exponential integration, first introduced by Pyle (1989) , generated a large debate around the significance of the method as it was suggested that such a strategy can significantly underestimate the volume when the distal data are missing (Fierstein and Nathenson 1992; Rose 1993; Pyle 1995) . In fact, more recent studies have shown that well-preserved tephra deposits do not necessarily follow an exponential decay as distal ash might settle differently (e.g., Bonadonna et al. 1998; Rose and Durant 2009 ).
The power law (PL) fit or at least three exponential segments on a semi-log plot were introduced to describe better the thinning of wellpreserved deposits and the results of numerical investigations that show a much more gradual thinning than predicted by the one or two exponential segments, especially for eruptions that produce a large amount of volcanic ash as well as lapilli-sized particles Sparks et al. 1992; Rose 1993; Bonadonna et al. 1998) . Nonetheless, three segments cannot always be identified, especially for poorly preserved deposits, and the PL fit has problems in defining the integration limits (as it cannot be integrated between zero and infinity). In fact, depending on the data distribution and the thinning trend, the resulting PL volume is very sensitive to the proximal or the distal integration extreme for small (i.e., PL exponent >2) and large deposits (i.e., PL exponent <2), respectively (Bonadonna and Costa 2013) . Sulpizio (2005) presented three empirical methods for the calculation of distal volumes based on the information retained by the proximal deposit (up to thickness >1 cm), as also partially suggested by Koyaguchi (1996) and Legros (2000) . In particular, he suggested (1) the compilation of distal isopachs in the case of sparse distal data assuming same elliptical shape (same eccentricity) and same dispersal axis of proximal isopachs; (2) the empirical determination of a break-in-slope between proximal and distal data in case only one distal isopach line is available; and (3) the empirical calculation of distal thinning when only proximal data are available. These three techniques give good agreement with field data for the 30 deposits used in his case study. Nonetheless, due to the difficulty of extrapolating proximal patterns to distal areas, the application of all these methods to poorly preserved deposits is not always straightforward, in particular in cases when the wind patterns in proximal and distal area are significantly different (e.g., Costantini et al. 2009; Longchamp et al. 2011 ). Pyle (1999 and Legros (2000) developed a strategy to estimate erupted volumes when only one proximal isopach line can be defined based on the available data. Such a method gives estimated minimum volumes of the same order of magnitude as only the first one or two segments on semi-log plots of thickness versus square root of the area were available. Bonadonna and Costa (2012) have introduced the use of the Weibull distribution for the integration of the log of thickness, T, data versus square root of isopach areas, x, to reconcile the debate on the use of the exponential and PL fitting:
with λ th , θ th , and n th being empirically determined parameters that will be discussed below. Relationship (1) can be used to calculate the volume, V, as function of the square root of isopach area x ¼ ffiffiffi A p : 
that shows how V(x) is described by a Weibull distribution. Integrating Eq. (2) from zero to infinity, we obtain the total volume as:
The Weibull distribution can be considered as a generalization of the exponential distribution, but it has the advantage to capture the variation in thinning rate that, in contrast to the exponential distribution, can change with distance, and therefore, it can better reproduce the natural curvature of deposit thinning. By varying the characteristic values of the shape parameter n th , the Weibull distribution can model a wide variety of distributions, ranging from the exponential distribution for n th =1, to the Rayleigh distribution for n th =2, to the normal distribution for n th between 3 and 4, and to the lognormal distribution for various values of n th (Brown and Wohletz 1995) . With respect to the PL fit, the Weibull distribution can be integrated between zero and infinity, reducing the uncertainty in volume estimation. Bonadonna and Costa (2012) have shown how the uncertainties of volume estimation associated with the use of the Weibull integration are smaller than those associated with the exponential integration, and that the Weibull distribution can better capture the deposit thinning when proximal, medial, or distal data are missing. It has also to be considered that the uncertainties associated with the multiple exponential segment method can be underestimated when the number of points used to characterize each segment is small (e.g., the most drastic case is when each segment is determined by two points only). Finally, as mentioned earlier, the Weibull distribution can reproduce the gradual thinning as also reproduced by the power law regression, but it is associated with smaller uncertainties with respect to the PL integration when proximal (for small deposit; VEI ≤3; PL exponent >2) and distal (for large deposits; VEI >3; PL exponent <2) data are missing. Moreover, as we show in the Appendix 1, the Weibull distribution for tephra deposits can be heuristically derived, generalizing the basic physical model proposed by Bursik et al. (1992) , Sparks et al. (1992) , Bonadonna and Phillips (2003) , and .
Grain size variations of tephra fall deposits
In addition to the total erupted mass and the thinning of tephra deposits, the general characteristics of the initial grain size population also give vital information on the dynamics and style of explosive eruptions. Once particles are ejected from the vent, they will sediment away from the source based mainly on the height of the plume, on the surrounding wind field and on their aerodynamics features. Like deposit thickness, particle size also seems to be characterized by a systematic decrease with distance from vent, shown by the values of both maximum clast and median particle diameter (commonly expressed in phi-unit, a logarithmic unit used to measure grain sizes with ϕ=−log 2 D, where D is the particle diameter in millimeter). Nonetheless, the associated decreasing trend and/or decreasing rate are not always equal for pumices, lithics, and Mdϕ (e.g., Thorarinsson 1954; Walker 1980; Pyle 1989) . These variations in decreasing rate could be due to variable lithic content, particle density, and sorting as particles with different aerodynamics properties result in different sedimentation patterns (Pyle 1989) . In addition, isopleth maps are typically more circular than isopach maps because the size of large clasts decreases upwind and downwind at a similar rate.
Decrease of lithic size (ML) with distance from vent, i.e., ML vs square root of isopleth area, follows a Weibull trend described by Weibull parameters λ ML , θ ML , and n ML ( Fig. 1 and Table 1 ) as:
In this paper, we did not consider the decreasing trend of pumice size (MP) due to the high probability of breakage upon impact with the ground (e.g., Walker 1980; Sparks et al. 1981; . Typically, the datasets describing the decrease of the largest lithics and pumices are smaller than the deposit-thinning datasets due to the difficulty of measuring the diameters of small particles in the field. As a result, ML datasets range from 0.4 to 100 cm and most typically within 0.8-10 cm. These small datasets cannot describe the sedimentation trend of all size classes associated with a given eruption and are more difficult to interpret than deposit-thinning trends. Nonetheless, the Weibull provides a robust method for the description of such a trend (Fig. 1 Given the difficulty of collecting and analyzing the largest clasts of any given outcrop, we consider the decrease of Mdϕ with distance from vent as a robust alternative. Mdϕ is here defined as median grain size in Inman (1952; Mdϕ=ϕ50) expressed in centimeters. Unfortunately, isogrades showing the distribution of Mdϕ with distance from vent are available only for a few cases (e.g., Hatepe, Waimihia (Walker 1981a) ; Taupo (Walker 1980) ; Tarawera (Walker et al. 1984) ; Pululagua (Volentik et al. 2010) ; Cotopaxi layers 3 and 5 (Tsunematsu 2012; Table 1 ). Weibull fitting seems promising also for the description of the Mdϕ variation with distance from vent ( Fig. 2) : Ht=plume height (kilometer above sampling height) calculated with the method of Carey and Sparks (1986) with the exception of (1) El Chichon A for which the height was calculated by Carey and Sigurdsson (1986) based on a modification of the method of Carey and Sparks (1986) in agreement with satellite observations (Schneider et al. 1999) ; (2) Pinatubo 1991 for which the maximum height is reported as determined by Holasek et al. (1996) based on the shadow and thermal methods (error of ±1.3). The method of Carey and Sparks (1986) for the same eruption resulted in an average value of 42 km ; and (3) Santa Maria 1902 for which the height was observed by a boat captain (Williams and Self 1983) . The method of Carey and Sparks (1986) for the same eruption resulted in an average value of 34 km (Carey and Sparks 1986) . Ht*=plume height (in kilometer above sampling height) calculated from λ ML vs Ht best fit (Fig. 4a ). Associated error is 10 % (assuming that the mean error associated with the estimation of λ ML is 20 %); Ht**=plume height (in kilometer above sampling height) calculated from λ Mdϕ vs Ht best fit (Fig. 4b ). Associated error is 5 % (assuming that the mean error associated with the estimation of λ Mdϕ is 10 %) a Best fit obtained using weight w=1/y (Holasek et al. 1996; Rosi et al. 2001) ; 976 Minoan (Bond and Sparks 1976) ; Taupo (Walker 1980) ; Waimihia (Walker 1981b) Erupted volume and plume height Weibull parameters have already been shown to describe important features of deposit thinning and to provide information on the eruption style and magnitude (Bonadonna and Costa 2012) . In fact, λ th represents the characteristic decay length scale of deposit thinning (typically expressed in kilometers), θ th represents a thickness scale (typically expressed in centimeters), and n th is a shape parameter (dimensionless). As a result, λ th increases with eruption magnitude, with small and moderate eruptions (VEI ≤3) being characterized by values of λ th <20 km (c.f. Figs DR3 of Bonadonna and Costa (2012) ). Within each VEI class, θ th increases with a decrease of λ th (c.f. Figs DR2 of Bonadonna and Costa (2012) ). Our dataset shows that λ th correlates well with bulk erupted volume ( Fig. 3 ) and, for all eruptions considered (Table 1) Similarly, the Weibull parameters of the best fit for maximum clasts and Mdϕ also provide important insights on eruption style. In particular, both λ ML and λ Mdϕ correlate well with plume height (Fig. 4) , and all eruptions considered are described within a factors 1.5 and 1.2, respectively (dashed line in Fig. 4a Plume height of all eruptions recalculated based on the new empirical relationships of λ ML and λ Mdϕ are mostly within 25 and 15 % of previous estimates (Table 1) . Results for the λ Mdϕ have to be considered carefully given the paucity of the cases analyzed.
Eruption style
Several classification schemes have been proposed on the basis of eruption magnitude, plume height, and fragmentation index (e.g., Walker 1973 Walker , 1980 Self and Sparks 1978; Newhall and Self 1982; Pyle 1989 Pyle , 2000 Cioni et al. 2008 ). In fact, there is no clear correlation between magnitude and plume height, and the fragmentation index is not only controlled by magma fragmentation but also by premature fallout of fine ash due to aggregation processes (e.g., Sparks et al. 1992; Pyle 2000) . In addition, certain eruption styles, such as Vulcanian and Subplinian eruptions, might be characterized by similar plume heights and dispersal but very different source dynamics (e.g., pulsatory versus sustained plumes). Source dynamics are not always evident from tephra deposit features, and can only be constrained and characterized based on geophysical monitoring, which is not always available (e.g., infrasound, thermal imagery, seismic energy, deformation). As a result, the boundaries between different styles are often controversial. As an example, Pyle (1989) suggests a boundary between Strombolian/Subplinian, Subplinian/Plinian, and Plinian/Ultraplinian at 14 km (b c =1 km), 29 km (b c =3 km), and 45 km (b c =8 km), respectively. Nonetheless, Sparks et al. (1992) found that the boundary between Subplinian/Plinian should be placed at a plume height of about 14 km based on analytical modeling. This is a value for which the dispersal index of Walker (1973) typically exceeds 500 km 2 . Cioni et al. (2008) introduced a classification for activity at Vesuvius that includes: ash emission (<5 km; VEI2-3), violent Strombolian (5-10 km; VEI2-3), Subplinian II (10-15 km; VEI3), Subplinian I (15-20 km; VEI4), and Plinian (>20 km; VEI5). Finally, even though it is well established that plume height of past eruptions can only be constrained with a typical error of 20 % (e.g., Carey and Sigurdsson 1989; Oddsson et al. 2012) , none of these Table 1 Error bars of 20 % in the estimation of both Ht and λ ML , and 10 % in the estimation of λ Mdϕ are also shown. Dashed lines indicate a maximum error of 25 % calculated for the parameters of Ht-λ ML relationship (a ML and b ML in Eq. 7). A maximum error of 25 % is also assumed for the Ht-λ Mdϕ (Eq. 8) as only few data are available for fully determining the error on a Mdϕ and b Mdϕ in Eq. (8) classification schemes consider uncertainty explicitly, which makes eruption classification even more problematic.
Here, we present a simplified eruption classification based on plume height and intensity (related to the intensity and dispersal power parameters of Walker (1980) ) assuming a typical error of 20 % (Fig. 5) . First, we consider an ideal Plinian eruption being characterized by a plume height of 30 km, similar to the Gray Pumice phase of the 79 AD eruption described by Plinius the Younger, as also suggested by Sparks et al. (1997) as a reference eruption. This choice is based on the estimation made by Carey and Sigurdsson (1987) using the model of Carey and Sparks (1986) , and by Pfeiffer et al. (2005) by inversion of the tephra deposits. For the Gray Phase, Carey and Sigurdsson (1987) estimated the column increased to a maximum of 32 km and then decreased to about 27 km, whereas Pfeiffer et al. (2005) estimated a column between 27 and 30 km. Second, we define the plume height of an ideal Subplinian eruption by decreasing the mass eruption rate (MER) 1 order of magnitude with respect to the ideal Plinian eruption. Using Mastin et al. (2009) 
This implies that the ideal Subplinian eruption has a column height of ∼17 km, based on the scaling of the ideal Plinian column (30 km) by a factor 0.575 (i.e., 0.575 4.15 ≅0.1). Similarly, moderate-small explosive eruptions are associated with a plume height of 10 km (i.e., 17 km multiplied by 0.575). The boundaries between the different eruption classes are chosen at the intermediate points. Hence, the boundary between Plinian and Subplinian eruptions is at 24 km (the midpoint between 30 and 17 km approximated to 1 km), and the boundary between small-moderate explosive eruptions and Subplinian eruptions is at 14 km (the midpoint between 17 and 10 km). Eruptions classified as Subplinian using this method are the eruptions that typically reach the stratosphere and include Subplinian I of Cioni et al. (2008) . Given that below ∼10 km (i.e., tropospheric eruptions) the MER does not depend only on plume height but can be strongly affected by wind conditions (Degruyter and Bonadonna 2012; Folch et al. 2012 ), we do not subdivide further the category of small-moderate explosive eruptions, which include Vulcanian, Strombolian, Hawaiian, violent Strombolian, and continuous ash emissions and Subplinian II of Cioni et al. (2008) . Further characterization of moderate-small explosive eruptions should be based on detailed geophysical information and on componentry and textural analysis when available, as typically they cannot be discriminated only from plume height and tephra dispersal. Finally, if we increase the MER of 1 order of magnitude with respect to Plinian eruptions to define the Ultraplinian eruptions, we obtain a nominal column of 52 km. Although this value may be too high to be realistic, considering the midpoint between 30 and 52 km, the transition between Plinian and Ultraplinian is set at 41 km. When this classification scheme is used, a typical minimum 20 % error in the calculation of plume height and a factor 4 spread in the calculation of MER should be considered (error bars in Fig. 5 ; Carey and Sigurdsson 1989; Mastin et al. 2009 ). (Degruyter and Bonadonna 2012) the typical values of Ht-MER as predicted by the relationship of Mastin et al. (2009) based on a discrepancy of a factor 10 from a 1D model as suggested by Degruyter and Bonadonna (2012; solid red lines) .
New eruption classification schemes
Considering the boundaries between eruption styles as defined in Fig. 5 , explosive volcanic eruptions can be classified based on plume height by plotting λ th versus λ ML /λ th (Fig. 6 ). All eruptions in Table 1 agree within a 20 % error with height boundaries identified by the combination of λ th and λ ML /λ th . This implies that eruptions with plume height close to the identified boundaries could be equally classified by two adjacent styles. As an example, the Minoan eruption (#28 in Table 1 and Fig. 6 ) plots in the lower 20 % boundary of Plinian-Ultraplinian eruptions, with an estimated plume height of 36 km. Both Taupo (#29) and Waimihia (#30) plot within the upper 20 % boundary of Plinian-Ultraplinian eruptions even though the associated plume height was estimated at about 50 and 44 km, respectively. We can define these eruptions as transitional Plinian to Ultraplinian. In contrast, Hatepe (#17) can be univoquely classified as Plinian as it plots outside the 20 % boundary between Plinian and Ultraplinian. Similarly, all Averno eruptions and Boqueron can be classified as small-moderate explosive eruptions as they plot below the 20 % boundary of 14 km (eruption numbers 2-7 in Table 1 and Fig. 6 ). Considering the uncertainty associated with the determination of both the Weibull parameters and plume height, even recent well-studied eruptions could plot in the transitional fields. As an example, the maximum plume height associated with the Pinatubo 1991 eruption was estimated to be 40±1.3 km by both shadow and thermal method (eruption #27 in Table 1 and Fig. 6 ; Holasek et al. 1996) , and corresponding Weibull-derived Ht, λ th , and λ ML /λ th are similar to those of Ultraplinian eruptions (i.e., Ht = 44.8 km; λ th = 229.6; λ ML /λ th = 0.2). In fact, according to our scheme, Pinatubo 1991 plots within the upper 20 % boundary of Plinian-Ultraplinian. Considering a 20 % uncertainty, Pinatubo 1991 could be classified as transitional Plinian-Ultraplinian even based on the average height determined with the method of Carey and Sparks (1986;  i.e., Ht=42 km; Rosi et al. 2001) .
Similarly, volcanic eruptions can be classified based on plume height by plotting λ th versus λ Mdϕ /λ th (Fig. 7) . However, given the scarcity of data for the determination of the relation between λ Mdϕ and Ht (Fig. 4b) , this second classification scheme needs to be considered as preliminary. In particular, the fields of the small-moderate and Subplinian eruptions of Fig. 7 are not supported by observations as plume height values of our dataset only range between 23 and 50 km (see Eq. 8).
Nonetheless, with this classification scheme again both Taupo and Waimihia (red squares) plot as transitional Plinian to Ultraplinian, whereas Hatepe (λ th =44.8, λ ML =32.0, λ MDϕ =58.9) plots as transitional Plinian to Ultraplinian, in contrast with the λ th and vs. λ ML /λ th classification that defined it as uniquely Plinian (Fig. 6) . Tarawera eruption is classified as Plinian, and Pululagua and both Cotopaxi layers 3 and 5 plot in the range of transitional Suplinian to Plinian. Discussion Tephra deposits retain important information on the height and dynamics of eruptive columns and are typically used to classify the associated eruptive style. Nonetheless, a standard strategy for the estimation of erupted volume and eruption style still does not exist. The Weibull function has been introduced for the calculation of both erupted volume (Bonadonna and Costa 2012) and plume height and for the classification of explosive volcanic eruptions in order to address shortcomings of previous strategies (e.g., choice of multiple segments for the exponential method and volume underestimation in case of missing segments; choice of extremes of integration for the power law method; lack of universal boundaries between different eruptive styles for eruption classification). Nevertheless, all models and strategies have advantages and disadvantages that need to be critically considered in order to best interpret the associated results. Main issues associated with best fitting methods, with the determination of eruptive parameters and with eruption classification, are discussed below.
Best fitting method: suggestions and limitations
The evaluation of the Weibull parameters for the estimation of volume (e.g., from isopach contours) and column height (e.g., from maximum lithic or Mdϕ isolines) can be implemented by using various free software packages (e.g., Grace, R). However, we have also compiled a Microsoft Excel® template. For all cases analyzed in this study (Table 1) , we used the nonlinear curve fitting algorithm of the free software Grace minimizing the relative square error.
Although algorithms like the Grace nonlinear curve fitting algorithm are quite stable and more general than the Microsoft Excel® template, there could be problems with fitting cases that have few data, missing regions (e.g., proximal or distal), or in general low-quality data. In these cases, the expertise of the user becomes very important. Often these cases are characterized by parameter values that lay at the border of the chosen ranges. First, it is recommended to estimate roughly the VEI of the eruption (here, we use VEI for a sake of simplicity as not all deposit densities are well known; alternatively, eruption magnitude may be utilized instead of VEI), using exponential and/or power law integrations. Second, it is suggested to restrict the range of values for ϕ th and λ th and λ ML , depending on the VEI using the ranges presented in Table 2 . The range for n th can be set as 0.2≤n th ≤2; the range for θ ML can be set as 1≤θ ML ≤20 cm; and the range for n ML can be set as 0.5≤n ML ≤2. Commonly, the relative square error is minimized corresponding to the Table 2 Ranges of Weibull parameters recommended for the calculation of volume and plume height according to individual VEI (see text for details). The suggested range for n th is 0.2≤n th ≤2; whereas for n ML is 0.5≤n ML ≤2. The range for θ ML can be set as 1≤θ ML ≤20 cm (Table 1) are also shown with different symbols depending on their plume height. Error bars of 30 and 40 % are also shown for the estimation of λ th and λ Mdϕ /λ th , respectively use of the weight w i =1/T i 2 (Bonadonna and Costa 2012). However, depending on the quality of data, other weights can be used. Ideally, the error associated with deposit thickness, maximum clast or median grain size should be estimated and uncertainties associated with isopach or isopleth contours should also be assessed based on the number of outcrops available, so that the actual errors could be used as weight in the best fit minimization. Special attention should be given to the uncertainty associated with the calculation of the area of the most distal contour. In fact, it is important to note how often the most distal contour of isopach, isopleth, and Mdϕ maps forces a convex shape to the Weibull trend as opposed to a more common concave shape. This is likely due to the fact that the area of the most distal contour cannot be well constrained, due to the paucity of distal outcrops, and corresponding values are often underestimated. As a result, it is very important to critically assess the uncertainty associated with the most distal contour point. If this point is considered unreliable, then more weight should be given to the proximal and medial points. Alternatively, such a point can be eliminated from the calculation (the best guess should lay between the two estimations). A test carried out on the case of Novarupta C (Figs. 1c and 8a ; Table 3 ) shows how λ ML is not significantly affected by the strategy used to treat the last contour (i.e., w i =1/T i 2 strategy, w i =1/T i strategy and the elimination of the last contour point) and, therefore, the calculation of plume height and eruption classification should not be significantly affected (Figs. 4 and 6) . However, the strategy used to treat the last contour might significantly affect the calculation of erupted volume in case of a limited dataset (i.e., where only few outcrops are available). In fact, the point associated with the last contour mainly influences the shape parameters that affect the volume calculation (Eq. 3) and not the estimation of plume height (Eq. 7; Table 3 ). Two examples were selected to show the effect of the underestimation of the area of the last isopach contour on the volume calculation in case of a small dataset (i.e., Vesuvius 512 U5; Table 3 ; Fig. 8b ) and a larger dataset (Cotopaxi layer 3; Table 3 ; Fig. 8c) . Clearly, the last point has more weight in the case of the Vesuvius dataset, with the elimination of the most distal contour point resulting in a volume 46 % larger than the estimation based on the w i =1/T i 2 weight (Table 3 ). In contrast, the elimination of the last point in the Cotopaxi example only results in a volume 8 % larger than the estimation based on the w i =1/T i 2 weight (Table 3 ).
The use of maximum clast and median grain size for the calculation of plume height and eruption classification
The decrease in the size of maximum clasts with distance from vent was already introduced by Carey and Sparks (1986) , Wilson and Walker (1987) , and Pyle (1989) for the calculation of plume height and, in combination with thickness data, for the classification of explosive eruptions (Pyle 1989) . Pyle (1989) showed how relations of ideal isopleth areas and maximum clast size identify single slopes associated with specific plume heights, which are almost independent of clast density. As a result, both pumice and lithic clasts could theoretically be used to calculate plume height and classify explosive eruptions. Nonetheless, the use of the largest lithic clasts is preferred to the largest pumice clasts as lithic fragments are less breakable with impact with the ground and, therefore, the associated isopleth maps best represent the original clast dispersal from volcanic plumes (Walker 1980; ). However, have discussed the complexity of the determination of the maximum clasts and the lack of a standardized strategy, which often result in a large discrepancy of outcomes. In this context, the use of Mdϕ could lead to a more stable and comparable determination of plume height and eruption classification. Even though Pyle (1989) suggests that b c associated with both maximum and median grain size are similar, Sparks et al. Table 3 Sensitivity tests carried out for the eruptions of Novarupta C (four isopleth contours), Vesuvius 512 U5 (four isopach contours) and Cotopaxi layer 3 (six isopach contours) for the effect of a potential underestimation of the area of the last contour on the calculation of plume height (from Eq. (7)) and erupted volume (from Eq. (3)) (1992) found that b c associated with maximum clasts are commonly smaller than b c associated with median grain size. We also found that λ ML is typically smaller than λ Mdϕ (Table 1) . However, as showed by relationships (7) and (8), the exponents characterizing the relationships between Ht and λ ML and Ht and λ Mdϕ are very similar (∼0.5). The main shortcomings for Mdϕ are: (1) calculation of Mdϕ of bimodal distributions, (2) premature fallout of fine ash, (3) density difference between juvenile and lithic components, and (4) lack of a large number of Mdϕ maps in the literature necessary for a wide application and validation of such a method. Premature fallout of fine ash mainly due to particle aggregation has been discussed by Pyle (1989) and Sparks et al. (1992) that highlight the complexity of defining a fragmentation index based on deposit grain size, e.g., F of Walker (1973) . In fact, variation of grain size with distance from vent not only will depend on magma fragmentation but also on dispersal and deposition conditions. Sparks et al. (1992) suggest that the parameters b t and b c of Pyle (1989) might also be affected by particle aggregation. Nevertheless, given that premature fallout of fine ash often results in bimodality, with the coarser mode representing the population of particles that did not aggregate, we suggest using the mode of the coarse population instead of Mdϕ on the entire distribution. Deposits for which aggregation does not result in bimodal grain size distribution (e.g., 2010 eruption of Eyjafjallajökull volcano, Iceland; Bonadonna et al. 2011) should be interpreted as the populations of particles fallen individually and fallen as aggregates roughly overlap, in which case Mdϕ can be considered as representative of the fallout of individual particles (unless all particles aggregated).
In some cases, bimodality can also be related to density differences between juvenile and lithic clasts (e.g., Cioni and Sulpizio 1998; Sulpizio et al. 2010) . We consider that such differences are only relevant for the coarse fractions, as the density of particles smaller than 250 μm tend to converge to the lithic density (e.g., Eychenne and Le Pennec 2012). However, grain size distributions of lithic-rich deposits should be carefully analyzed and interpreted. A possible alternative would be to consider terminal velocity isograde maps instead of grain size isograde maps, but these are even fewer than the Mdϕ maps and could be associated with larger uncertainties related to the choice of the model used to determine terminal velocity and assumptions on particles shape (e.g., Walker and Croasdale 1971; Walker 1980; Walker et al. 1984) . Considering the difficulties of determining the maximum clasts and the promising correlations shown by Fig. 4b , we consider the use of Mdϕ values for the calculation of plume height and classification of explosive eruptions as a viable alternative to the use of ML and MP. However, more Mdϕ maps should be compiled and analyzed to investigate the applicability and limitations of such a method. Finally, another parameter that could represent an alternative to both ML and Mdϕ data is the 50th percentile of a 20-clast sample as suggested by . Again, more data are necessary to build more solid correlations with plume height.
Calculation of erupted volume and plume height
We have shown how Weibull parameters correlate well with both erupted volume (Fig. 3 ) and plume height (Fig. 4) . In particular, estimations of volume based on Eq. (6) the proper order of magnitude with typical uncertainties delimited by a factor 4 and 0.25, respectively. Nonetheless, the calculation of erupted volume is recommended by integration of the Weibull function as described by Bonadonna and Costa (2012;  i.e., Eq. 3). Plume height can be well constrained (with a maximum error of 25 % and a mean error of about 10 %) based only on the Weibull parameter λ ML and the empirical Eq. (7) (in particular our dataset consists of plume heights ranging between 7 and 50 km). The use of λ Mdϕ for the calculation of plume height is also promising (Fig. 4b and Eq. 8), but more case studies are needed to better constrain the associated empirical equation. Another important issue associated with the determination of plume height from grain size trends is the actual interpretation of the results. In fact, the height associated with the method of both Carey and Sparks (1986) and Pyle (1989) and with Eq. (7) represents the maximum height as it is typically derived from the distribution of the largest clasts around the volcano. In contrast, the height derived based on Mdϕ should be considered as an average height, as the median grain size represents an "average" picture of the eruptive conditions instead of the extreme dispersive capability of the eruption that can be derived from the distribution of the largest clasts (e.g., Walker 1980) . It is also important to consider that the height represents the height above the sampling level, which is typically intermediate between the height above sea level and the height above the vent. Other empirical strategies of determining plume height from tephra deposits include the method of Sulpizio (2005) based on the proximal thickness decay and the methods of Bonadonna et al. (1998) and Bonadonna and Phillips (2003) based on the position of breaks-in-slope in the thinning trend. Multiple methods should be considered in order to better assess uncertainty.
Eruption classification
Hazard assessment and physical characterization of explosive volcanoes build on the determination of eruptive parameters discussed above and on the classification of eruption style of past and expected future eruptions. However, eruptions are not always classified based on the same criteria and often dedicated schemes are required for individual volcanoes in order to capture local trends and specific eruptive patterns (e.g., Arrighi et al. 2001; Branca and Del Carlo 2005; Andronico et al. 2008a; Cioni et al. 2008; Cole et al. 2013; Rosi et al. 2013 ). Nonetheless, a broader classification scheme is needed in order to make global comparisons, to better understand general trends of explosive volcanoes and to better identify the key processes that differentiate eruptive styles. The pioneering classification scheme introduced by Walker (1973) based on the D (area over which a deposit thins to 0.01 of its T max ) and F (percentage of ash finer than 1 mm at the point where the isopach corresponding to 1/10 of T max crosses the dispersal axis) helped, for the first time, to describe and distinguish explosive eruptions in a quantitative way. Along the base of the diagram (x-axis; i.e., increasing eruption intensity and dispersal power) we find eruptions characterized by an increase in magma viscosity and/or gas content: Hawaiian, normal Strombolian, Subplinian, and Plinian. Then, two distinct relationships developing along the y-axis of the diagram (i.e., decreasing grain size distribution) are identified for basaltic and silicic eruptions as a consequence of an increase of the explosion violence that results in a higher degree of fragmentation: violent Strombolian to Surtseyan eruptions for the basaltic trend and Vulcanian/Vesuvian to silicic equivalent of Surtseyan for the more silicic trend. A third trend was also recognized going towards small dispersal and high fragmentation for weak explosions (probably equivalent to continuous ash emissions of Cioni et al. (2008) ). The diagram of Walker (1973) was slightly modified by Walker (1980) and Self and Sparks (1978) and redrawn by Wright et al. (1980) ) to introduce Ultraplinian (characterized by a wider dispersal; i.e., D>50,000 km 2 ) and Phreatoplinian (i.e., silicic equivalent of Surtseyan) eruptions, respectively. These different styles can also be identified based on their capacity to generate sheet-(Subplinian to Ultraplinian) or cone-like (Hawaiian and Strombolian) tephra deposits.
The idea of Walker (1973 Walker ( , 1980 to classify explosive eruptions based on the quantitative description of tephra deposits as opposed to sporadic visual observations of eruptions contributed to an amazing progress in volcanology and to the consolidation of modern physical volcanology. Deposits have been studied based on these principles until the 1990s (e.g., Self et al. 1974; Bond and Sparks 1976; Booth et al. 1978; Walker 1981a; Walker et al. 1984) . Shortcomings of this scheme include: (1) the difficulty of determining D, F, and T max (e.g., Fisher and Schmincke 1984) ; (2) the actual meaning of the fragmentation index discussed in the previous section (e.g., Pyle 1989); (3) the poor constraint on the Hawaiian field (Houghton and Gonnermann 2008) ; (4) the absence of volcanic products other than tephra deposits (e.g., ratio of lava to tephra volume important for the classification of more mafic eruptions (Pioli et al. 2009 )); and (5) the absence of hybrid and multistyle eruptions that might cross different categories (e.g., Sparks et al. 1997) . Pyle (1989) introduced a new classification scheme based on the b t and the half-distance ratio (b c /b t ) that does not need complex grain size analysis and it is mainly based on plume height. Ultraplinian, Plinian, Subplinian, Strombolian, and Surtseyan eruptions are identified, even though the diagram works best for Plinian, Subplinian, and Ultraplinian. The main shortcomings associated with the classification scheme of Pyle (1989) include the ambiguity associated with the choice of b t and b c /b t parameters to use in case of multiple segments for both isopach and isopleth plots and the boundaries between different eruptive styles, as discussed and questioned by Sparks et al. (1992) .
Our new simplified classification scheme has the same advantage of that of Pyle (1989) , in that it is based on Weibull parameters of easier determination with respect to D, F, and T max of Walker (1973 Walker ( , 1980 . In addition, Weibull parameters are unique for all deposits and, therefore, there is no ambiguity on the choice of λ th and λ ML . Finally, our choice of boundaries between different eruptive styles is based on a simple quantitative scaling of intensity (i.e., MER) with respect to an ideal Plinian eruption (taken as the Gray Pumice phase of the 79 AD eruption described by Plinius the Younger that was characterized by a 30-km-high plume). Given the simplified approach only based on plume height and intensity, we could only identify Ultraplinian, Plinian, Subplinian (having typical eruption columns reaching the stratosphere), and small-moderate explosive eruptions (typically confined to the troposphere). In fact, we did not attempt to also describe more complex eruptions, such as Surtseyan and Phreatoplinian, which would require information on the fragmentation mechanisms, that, as also highlighted by Pyle (1989) and Sparks et al. (1992) , would be difficult to obtain based only on grain size variations with distance from vent. In addition, we did not further subdivide small-moderate explosive, as plume height of tropospheric eruptions is strongly affected by wind speed (e.g., Degruyter and Bonadonna 2012; Folch et al. 2012) .
Small-moderate explosive eruptions include Vulcanian, Strombolian, Hawaiian, Violent Strombolian, and continuous ash emissions and Subplinian II of Cioni et al. (2008) . Clearly, these eruptions (typically associated with a VEI 2-3) need to be distinguished based on source dynamics, as highlighted by geophysical monitoring (e.g., pulsating versus sustained activity, seismic energy, and ground deformation) and on a detailed analysis of the associated pyroclastic deposits (e.g., general grain size of the deposit, massive versus graded deposits, textural features, componentry, density of products, and porosity; (e.g., Cashman 2004; Mueller et al. 2011; Rust and Cashman 2011) ). As an example, Cioni et al. (2008) distinguishes between Subplinian I and II based on the presence of pyroclastic density currents. As a consequence, our new classification scheme is appropriate for large eruptions and for global comparisons, similarly to what already discussed by Cioni et al. (2008) in relation to the use of the VEI scale. Detailed local studies and hazard assessments of volcanoes characterized mainly by small-moderate explosive eruptions would then require dedicated classification schemes (e.g., recent activity of Etna volcano, Italy; e.g., Scollo et al. (2007) , Andronico et al. (2008a, b) , and Norini et al. (2009)) .
A comprehensive and widely applicable classification scheme should eventually merge intensity, deposit features and geophysical observations in order to capture the whole spectrum of eruptive style from weak explosions to Ultraplinian eruptions (e.g., Gurioli et al. (2008 Gurioli et al. ( , 2013 ). In fact, weak explosions are often not even capable of producing extensive tephra deposits and are, therefore, better characterized on the basis of geophysical observations (Marchetti et al. 2009; Patrick et al. 2007; Ripepe et al. 1993) . In contrast, large Plinian and Ultraplinian eruptions are so infrequent and destructive that they are more easily studied based on deposit features than on geophysical monitoring (e.g., Taupo (Walker 1980) , Tambora , Minoan (Pyle 1990) , and Pinatubo 1991 (Newhall and Punongbayan 1996) ).
Regardless of the classification scheme considered, it is very important to quantitatively characterize the uncertainty associated with the parameters used. The description of such uncertainty is crucial to any hazard assessment and evaluation of future eruptions at any given volcano. Finally, it is important to notice how there is, in fact, a continuum between various eruptive styles and how many eruptions are characterized by multiple styles, e.g., they can start phreatomagmatic and continue as dry events (e.g., Ruapehu 1996; Eyjafjallajökull 2010 Gudmundsson et al. 2012) ) or start as magmatic eruptions and have a final phreatomagmatic event, as for most of Vesuvian eruptions (e.g., Carey and Sigurdsson (1987) ; Bertagnini et al. (1991) ). Classification schemes might not be able to describe such complexity and often these variations in style are not even very well captured in the stratigraphic record and individual units cannot be distinguished. As a result, associated thinning and grain size variations should be considered as an average of the various eruptive styles or as representative of the major style.
Conclusions
The Weibull function has been shown to accurately describe variation in both thickness and grain size of tephra deposits with distance from vent. As a result, Weibull parameters can be used to determine eruptive features (i.e., erupted volume and plume height) and classify explosive volcanic eruptions. In particular:
1. Erupted volume can be determined as described by Bonadonna and Costa (2012; Eq. 3). 2. Plume height can be determined with a typical error of 10-15 % and a maximum error of 25 %, based on an empirical equation relating λ ML and plume height (Eq. 7). Preliminary results show that also λ Mdϕ well correlates with plume height (Eq. 8). 3. The Weibull function well describes the natural thinning and grainisze variations of tephra deposits. However, a different best-fitting strategy (e.g., weights w i =1/T i 2 , the w i =1/T i or, even better, the actual individual errors) should be used based on the uncertainty associated with each thickness/grain size contour versus square root of area set of value. Such uncertainty should be quantified when compiling isopach, isopleth, and Mdϕ maps. 4. Boundaries between different eruptive styles were determined based on a simple intensity scaling and result in 41, 24, and 14 km for Ultraplinian/Plinian, Plinian/Subplinian and Subplinian/small-moderate explosive eruptions, respectively. 5. Ultraplinian, Plinian, Subplinian, and small-moderate explosive eruptions can be classified based on a plot of λ th versus λ ML /λ th . Small-moderate explosive eruptions (e.g., Hawaiian, normal Strombolian, violent Strombolian, Vulcanian eruptions, and continuous ash emissions) cannot be further subdivided based only on plume height and intensity, and require detailed geophysical and/or field studies to be classified. 6. Our new classification scheme can be best applied for the classification of large explosive eruptions and for global comparisons, whereas dedicated classification schemes based on local eruptive patterns should be developed for hazard assessment of volcanoes characterized mainly by small-moderate explosive eruptions. 7. An effort should be made to merge eruption intensity, deposit features, and geophysical information in order to generate a comprehensive classification scheme that can cover the whole range from weak explosions to Ultraplinian eruptions. 8. Any classification scheme should account for the uncertainty associated with the determination of both plume height and classification parameters (e.g., D and F of Walker (1973) , b t and b c of Pyle (1989) and Weibull parameters). Accounting for such an uncertainty highlights how most eruptions can be, in fact, classified as transitional between adjacent eruptive styles (e.g., Figs. 6 and 7).
with C ¼ k mþ1 and n ¼ m þ 1 Hence the mass accumulated on the ground till the distance x can be written as: with C=(1/λ) n Note that the same derivation can be made for each given size fraction having a terminal v i , that implies that mass distribution of each particle accumulated on the ground class follows a Weibull distribution. Table 4 Weibull parameters associated with the eruptions considered in our study that are not reported in Table 1 of main text. θ th , θ ML , and θ Mdϕ are expressed in centimeter, while n th , n ML , and n Mdϕ are dimensionless. References are in caption of 
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